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Probing O-H Bonding Through Proton Detected 1H-17O Double
Resonance Solid-State NMR Spectroscopy
Abstract
The ubiquity of oxygen in organic, inorganic, and biological systems has stimulated the application and
development of 17O solid-state NMR spectroscopy as a probe of molecular structure and dynamics.
Unfortunately, 17O solid-state NMR experiments are often hindered by the combination of broad NMR
signals and low sensitivity. Here, it is demonstrated that fast MAS and proton detection with the D-RINEPT
pulse sequence can be generally applied to enhance the sensitivity and resolution of 17O solid-state NMR
experiments. Complete 2D 17O→1H D-RINEPT correlation NMR spectra were typically obtained in fewer
than 10 hours from less than 10 milligrams of material, with low to moderate 17O enrichment (less than
20%). 2D 1H-17O correlation solid-state NMR spectra allow overlapping oxygen sites to be resolved on the
basis of proton chemical shifts or by varying the mixing time used for 1H-17O magnetization transfer. In
addition, J-resolved or separated local field (SLF) blocks can be incorporated into the D-RINEPT pulse
sequence to allow direct measurement of one-bond 1H-17O scalar coupling constants (1JOH) or 1H-17O
dipolar couplings (DOH), respectively; the latter of which can be used to infer 1H-17O bond lengths. 1JOH
and DOH calculated from planewave density functional theory (DFT) show very good agreement with
experimental values. Therefore, the 2D 1H-17O correlation experiments, 1H-17O scalar and dipolar
couplings, and planewave DFT calculations provide a method to precisely determine proton positions relative
to oxygen atoms. This capability opens new opportunities to probe interactions between oxygen and hydrogen
in a variety of chemical systems.
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ABSTRACT 
The ubiquity of oxygen in organic, inorganic, and biological systems has stimulated the 
application and development of 17O solid-state NMR spectroscopy as a probe of molecular 
structure and dynamics. Unfortunately, 17O solid-state NMR experiments are often hindered by 
the combination of broad NMR signals and low sensitivity. Here, it is demonstrated that fast MAS 
and proton detection with the D-RINEPT pulse sequence can be generally applied to enhance the 
sensitivity and resolution of 17O solid-state NMR experiments. Complete 2D 17O→1H D-RINEPT 
correlation NMR spectra were typically obtained in fewer than 10 hours from less than 10 
milligrams of material, with low to moderate 17O enrichment (less than 20%).  2D 1H-17O 
correlation solid-state NMR spectra allow overlapping oxygen sites to be resolved on the basis of 
proton chemical shifts or by varying the mixing time used for 1H-17O magnetization transfer. In 
addition, J-resolved or separated local field (SLF) blocks can be incorporated into the D-RINEPT 
pulse sequence to allow direct measurement of one-bond 1H-17O scalar coupling constants (1JOH) 
or 1H-17O dipolar couplings (DOH), respectively; the latter of which can be used to infer 1H-17O 
bond lengths. 1JOH and DOH calculated from planewave density functional theory (DFT) show very 
good agreement with experimental values. Therefore, the 2D 1H-17O correlation experiments, 1H-
17O scalar and dipolar couplings, and planewave DFT calculations provide a method to precisely 
determine proton positions relative to oxygen atoms. This capability opens new opportunities to 
probe interactions between oxygen and hydrogen in a variety of chemical systems.  
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 3 
INTRODUCTION 
Oxygen is ubiquitous in organic, inorganic and biological systems, making it an intriguing 
element to study molecular structure and dynamics by 17O solid-state nuclear magnetic resonance 
spectroscopy (SSNMR).1-26 The 17O nuclide has unfavorable NMR properties, however, including 
low natural isotopic abundance (~ 0.037%) and a gyromagnetic ratio that is approximately one-
seventh that of 1H. 17O is also a half-integer quadrupolar nucleus with a nuclear spin (I) of 5/2 that 
often yields broad NMR powder patterns due to second-order quadrupolar broadening. The 
combination of broad NMR signals and low sensitivity often makes 17O SSNMR experiments 
prohibitive. The most common approach to improving the sensitivity of 17O NMR experiments is 
isotopic enrichment of oxygen-17, for which a variety of methods have been successfully 
demonstrated.3, 27-31 More recently, it has been demonstrated that with the large NMR sensitivity 
enhancements provided by high-field dynamic nuclear polarization (DNP),32-34 natural isotopic 
abundance 17O NMR experiments can be performed on inorganic materials.19, 23-24, 26, 35-36 The 
resolution of 17O SSNMR spectra is most often improved either by utilizing selective 17O labeling 
schemes,37 working at the highest possible magnetic field strengths,12, 25, 38-39 or using multiple 
quantum magic angle spinning (MQMAS).2, 4, 14, 25, 40-41 Alternatively, heteronuclear correlation 
(HETCOR) spectra obtained with pulse sequences such as cross-polarization (CP), phase-shifted 
recoupling effects a smooth transfer of order (PRESTO), heteronuclear multiple quantum 
coherence (HMQC), transferred echo double resonance (TEDOR), etc., have been used to obtain 
2D NMR spectra that correlate 17O NMR signals to the high-resolution SSNMR signals from spin-
1/2 nuclei such as 1H, 13C and 15N.4, 9, 11, 13, 16, 18, 20, 25 However, 2D HETCOR experiments and 
MQMAS experiments normally suffer from poor sensitivity and generally require very long 
experiment times, even on highly 17O enriched materials.  
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 4 
In the past 20 years, fast magic angle spinning (MAS) and proton detection have been 
applied to enhance the sensitivity of SSNMR experiments with conventional spin-1/2 nuclei such 
as 13C, 15N, 29Si, etc. With the exception of 14N,42 proton detection is not commonly applied to 
enhance the sensitivity of NMR experiments with quadrupolar nuclei. Proton detection in SSNMR 
is normally accomplished with CP; however, CP is generally very inefficient for half-integer 
quadrupolar nuclei such as 17O.43-45 Consequently, proton detection of quadrupolar nuclei is 
normally accomplished with dipolar-HMQC pulse sequences.46 However, HMQC SSNMR 
experiments often have poor efficiency due to incomplete suppression of background 1H NMR 
signals, t1-noise, long 1H longitudinal relaxation times (T1) in the solid-state, and short 1H 
transverse relaxation times (T2). Recently, we have shown that the dipolar-refocused insensitive 
nuclei enhanced by polarization transfer (D-RINEPT)46 is an efficient method to obtain proton 
detected 2D HETCOR SSNMR spectra of half-integer quadrupolar nuclei.47 In a proton detected 
D-RINEPT experiment the quadrupolar spin is directly excited and then magnetization is 
transferred to the proton spins for detection. D-RINEPT is advantageous because it exploits the 
short T1 relaxation times of the quadrupolar nucleus, unwanted 1H signals can be suppressed by 
pre-saturation pulses, and quadrupolar signal enhancement schemes such as rotor assisted 
polarization transfer (RAPT)48 can be directly incorporated. For example, we showed that it was 
possible to obtain a 2D 17O→1H D-RINEPT spectrum of histidine hydrochloride monohydrate 
with very low level 17O enrichment (ca. 4%).47  
Here, we demonstrate that fast MAS and proton detection with the D-RINEPT pulse 
sequence can be generally applied to enhance the sensitivity and resolution of 17O SSNMR 
experiments on organic and inorganic materials. For organic solids, complete 2D 17O→1H D-
RINEPT correlation NMR spectra can typically be obtained in a couple hours from less than 10 
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 5 
milligrams of material with low to moderate 17O enrichment (less than 20%). The 2D 1H-17O 
correlation NMR spectra allow overlapping oxygen sites to be resolved on the basis of proton 
chemical shifts or by varying the mixing time for 1H-17O magnetization transfer. In addition, with 
fast MAS it is possible to measure one-bond 1H-17O scalar coupling constants (1JOH) as well as 1H-
17O dipolar couplings (DOH) which provide the O-H bond length. 1JOH and DOH calculated from 
planewave density functional theory (DFT) show very good agreement with experimental results. 
Therefore, 2D 1H-17O correlation experiments, 1H-17O scalar and dipolar couplings, and planewave 
DFT calculations provide a method to precisely determine proton positions relative to oxygen 
atoms and probe bonding between oxygen and hydrogen in a variety of chemical systems. 
 
Chart 1. Structures of systems studied. The NMR determined O-H bond length (rNMR) for MCM-
41 silica is from reference 26. DFT-optimized crystal structures are shown and the relevant crystal 
structure database (CSD) codes are included in Table S3. Red dashed lines show distance 
measurements that are not indicated by an O-H bond. See Results and Discussion for an 
explanation of bond length and scalar coupling measurements. 
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RESULTS AND DISCUSSION 
 Fast MAS 17O Solid-State NMR Spectra of FMOC-Alanine Monohydrate. We begin with 
17O-enriched FMOC-alanine monohydrate (1) as a model sample (Chart 1). 17O enrichment was 
performed with the multiple-turnover isotopic labeling method29 with ca. 40% 17O enriched water 
as the source. In this sample each carboxylate oxygen atom was enriched to ca. 19% 17O 
abundance, as estimated using solution 17O NMR spectroscopy (Figure S1).49 The water of 
hydration in 1 was not 17O-labeled since 1 was recrystallized from natural isotopic abundance H2O. 
The 1H and 17O SSNMR spectra of 1 are shown in Figure 1. All NMR spectra in this study were 
obtained on a 1.3 mm double resonance probe with a 50 kHz MAS frequency, a main magnetic 
field of 9.4 T, and with RAPT for signal enhancement, unless otherwise indicated. For 1, RAPT 
provided a 2.5-fold signal enhancement. The 17O T1 for 1 was measured to be 1.4 s with a saturation 
recovery experiment (Figure S2) and an optimal recycle delay of 2.0 s was used for all 17O NMR 
experiments of 1. The RAPT-enhanced 17O spin echo NMR spectrum of 1 was obtained in 2.4 
hours and has a signal-to-noise ratio (SNR) of ca. 12 (Figure 1A). A significant gain in sensitivity 
for 17O detected experiments was obtained by using a RAPT-enhanced, rotor-synchronized 
quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG) experiment50 to obtain multiple spin echoes in 
each acquisition. An echo-reconstructed QCPMG spectrum was obtained in 2.5 hours and shows 
a SNR of 99 (Figure 1B), which corresponds to nearly an order of magnitude improvement in 
sensitivity compared to the spin echo spectrum. We note that for 1, QCPMG is efficient because 
the 17O effective transverse relaxation time constant (T2’) is relatively long (spin echoes can be 
acquired for ca. 40 ms). However, many of the other compounds we have examined have shorter 
17O T2’ values and QCPMG only provides limited gains in sensitivity.  
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 7 
Figure 1. 17O SSNMR spectra of compound 1 acquired with A) a spin echo, B) QCPMG, and (C) 
the corresponding two-site analytical simulation. 1H detected 17O D-RINEPT 2D SSNMR spectra 
with total recoupling times of (F) 160 µs and (G) 960 µs are shown on the bottom right. (D) and 
(E) Columns extracted from the 2D NMR spectra at 1H chemical shifts indicated by the dashed 
lines. The geometry optimized single-crystal X-ray diffraction structure of 1 is shown in the upper 
right corner with key O-H distances indicated. 
 
In agreement with the previously published 17O solid-state NMR spectra of 1,7 the 17O 
SSNMR spectrum consists of two overlapping 17O NMR signals at the applied magnetic field of 
9.4 T. The spectrum can be simulated with two sites (Figure 1C) and the 17O NMR parameters 
determined here agree with those previously reported (Table 1). The site with the more positive 
isotropic chemical shift (δiso = 305 ppm) corresponds to the non-protonated carbonyl oxygen atom, 
while the site with δiso = 180 ppm corresponds to the oxygen atom of the carboxyl group that is 
bonded to the acidic proton. 
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Table 1. Summary of experimentally determined and calculated NMR parameters. 
Sample  δiso(17O)a δiso(1H)a CQ 
(MHz) 
ηQ 1JOH 
(Hz) 
DOH 
(kHz) 
rOH (Å) 
FMOC-Alanine 
Monohydrate (1) 
Site 1 173 (3) 14.3 7.1 (1) 0.18 (5) 58 (3) 13.5(5) 1.06(2) 
DFT 187 13.1 -7.4 0.40 -55 -15.1 1.03 
 Site 2 305 (5) 7.7 7.9 (2) 0.18 (10) - - - 
 DFT 339 6.6 -9.0 0.05 - - - 
MCM-41 Silica  1 (1) 1.8 3.1 (1) 0.30 (10) 98 (1) -15.3b 1.02 b  
 DFT -3 5.3 -7.3 0.46 -90 -17.543 0.98 
KH Maleate (2) Site 1 239 (5) 20.1 6.3 (2) 0.52 (10) 8 (23) 8.2(5) 1.25(3) 
 DFT 237 19.6 -6.3 0.59 -15 -9.371 1.20 
 Site 2 322 (4) 6.0 8.6 (1) 0.13 (5) - - - 
 DFT 330 5.2 8.9 0.19 - - - 
2-Cl Nicotinic Acid 
(3) 
Site 1 176 (3) 13.6 7.2 (1) 0.12 (5) 72 (3) 12.5(5) 1.09(2) 
DFT 182 13.6 -7.4 0.10 -50 -14.238 1.05 
 Site 2 363 (3) 8.3 8.9 (2) 0.00 (10) - - - 
 DFT 332 7.9 9.3 0.00 - - - 
Isonicotinic Acid (4) Site 1 190 (3) 17.9 6.4 (2) 0.13 (10) 35 (7) 8.8(5) 1.23(2) 
 DFT 198 17.2 -6.9 0.19 -35 -12.209 1.11 
 Site 2 356 (6) 7.7 9.3 (2) 0.10 (5) - - - 
 DFT 324 7.5 9.0 0.06 - - - 
L-Alanine (5) Site 1 260 (10) 8.6 6.9 (4) 0.63 (25) c 3.0(5) 1.76(10) 
 DFT 265 10.3 6.7 0.76 4 -3.392 1.69 
 Site 2 293 (7) 3.8 8.0 (2) 0.27 (20) c 2.5(5) 1.87(10) 
 DFT 286 6.0 8.6 0.30 4 -2.676 1.83 
aCalculated values are shown in italics with δiso converted from chemical shielding values, σiso, 
using a correlation plot (Figures S3A and S3B). The dipolar coupling is abbreviated DOH. bThe 
experimental distance (rOH) for MCM-41 silica is taken from reference 26. cJ-coupling not detected, 
but it is likely less than 8 Hz. For all parameters the uncertainty of the last digit(s) is given in 
parentheses.  
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 Next, 2D proton detected 17O→1H D-RINEPT NMR spectra of 1 were obtained (Figure 
1F, G). The 2D proton-oxygen correlation NMR spectra of 1 allow overlapping oxygen sites to be 
resolved and experimentally confirms the oxygen NMR signal assignments. Simultaneously, 
proton detection also provides a substantial gain in sensitivity. For example, comparison of a 1D 
proton detected 17O→1H D-RINEPT NMR spectrum yields sensitivity, S (S = SNR×time−1/2), that 
is approximately 7 times greater than the spin echo spectrum and is the same as the QCPMG 
sensitivity (Figure S4 and Table S1). Consequently, a complete 2D proton-oxygen HETCOR  
SSNMR spectrum of 1 can be obtained with reasonable SNR in a similar experiment time as is 
required for the 1D spin echo or QCPMG NMR spectra. In comparison, the typical method for 
resolving overlapping 17O SSNMR signals, MQMAS, inherently has a maximum sensitivity of 2/5 
that of even the 1D spin echo.40 
 The 2D 17O→1H D-RINEPT NMR spectrum acquired with a short total 1H heteronuclear 
recoupling time of 160 µs shows a single correlation between the acid hydrogen atom (δiso = 14.0 
ppm) and the protonated carboxylic acid oxygen atom (Figure 1F). This correlation clearly 
confirms the assignment of the protonated oxygen atom to the signal with a δiso of 180 ppm. A 
second 2D 17O→1H D-RINEPT NMR spectrum was obtained with a total 1H recoupling time of 
960 µs (Figure 1G). This spectrum shows an additional correlation between hydrogen atoms with 
a chemical shift of ca. 7.5 ppm and the non-protonated, carbonyl oxygen of the carboxylic acid, 
which is consistent with the XRD structure.  
 In summary, the results obtained from 1 show that with proton detection it is possible to 
rapidly obtain 2D 17O-1H correlation SSNMR spectra. In addition to enhanced sensitivity, these 
experiments allow overlapping oxygen sites to be resolved and assigned by correlating the broad 
17O NMR signals to high resolution 1H NMR signals. By varying the 1H recoupling time in the D-
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RINEPT experiment it is possible to identify oxygen sites that are close to or distant from 
hydrogen, allowing resonance assignments to be verified. However, it should be noted that 17O 
sites further from protons have significantly lower polarization transfer efficiency under D-
RINEPT due to proton relaxation under dipolar recoupling.  As a consequence of the reduced 
sensitivity, it is difficult to obtain enough indirect dimension increments to avoid truncation 
broadening of the 17O NMR signals from oxygen atoms without directly attached 1H signals (for 
example, see Figure 1D). The truncation broadening leads to larger uncertainty in the EFG and 
chemical shift extracted from fits of the powder patterns. 
 
 Fast MAS 17O Solid-State NMR Spectra of Other 17O-Enriched Organic Solids. Fast MAS 
17O SSNMR experiments were performed on several other organic carboxylic acids: potassium 
hydrogen maleate (2), 2-Cl nicotinic acid (3), isonicotinic acid (4), and alanine (5) (Chart 1). In 
these samples the 17O isotopic enrichment level of each carboxylic acid oxygen atom was between 
15% and 20%. 1D spin echo and/or QCPMG NMR spectra and 2D D-RINEPT NMR spectra were 
obtained from all of these compounds (Figures S5–S8). Figure 2 shows the 17O SSNMR spectra 
extracted from the columns of the 17O→1H 2D D-RINEPT NMR spectra for the compounds 
studied. Each spectrum was obtained in total experiment times between 0.8 and 9 hours. Similar 
to 1, all four of the compounds 2 - 5 had overlapping sites in their 1D 17O solid-state NMR spectra. 
In all cases the overlapping sites could be resolved in the 2D D-RINEPT NMR spectra via 
correlations to different 1H peaks. The 17O SSNMR spectra obtained in this way also gave powder 
patterns that could be reasonably simulated with simple analytical simulations. However, in a 
couple of cases (Figure 2E, G) distorted and/or low signal to noise ratio 17O powder patterns were 
obtained. As was previously mentioned, 17O→1H coherence transfer may be inefficient for non-
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protonated oxygen sites, leading to reduced sensitivity. Also, longer recoupling times are required 
to observe the 17O NMR signals from the non-protonated (C=O) oxygen sites. Longer recoupling 
may cause the 1H NMR signals to weakly correlate to more distant 17O sites, leading to partial 
overlap of the 17O NMR signals. But, since the protonated site can be clearly fit in the spectrum 
obtained from short recoupling time 2D NMR spectrum, the position of the discontinuities 
associated with the non-protonated site can be distinguished by process of elimination.  
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Figure 2. 17O NMR spectra with (blue, middle) column slices from 2D 17O→1H D-RINEPT 
spectra, (red, bottom) fits to the column slices, and (green, top) planewave DFT calculated spectra 
for A) FMOC-alanine monohydrate site 1, B) FMOC-alanine monohydrate site 2, C) MCM-41 
silica, D) potassium hydrogen maleate site 1, E) potassium hydrogen maleate site 2, F) 2-Cl 
nicotinic acid site 1, G) 2-Cl nicotinic acid site 2, H) isonicotinic acid site 1, I) isonicotinic acid 
site 2, J) l-alanine site 1, and K) l-alanine site 2. The 1H chemical shift of the column extracted 
from the 2D experiment is indicated. NMR parameters used for the fits and simulations with DFT 
predicted values are summarized in Table 1. The simulated spectra are processed with 400 Hz line 
broadening. 
  
 In general, 1D proton detected D-RINEPT NMR spectra provided 2 to 4 times higher 
sensitivity than QCPMG for these compounds with two notable exceptions (Table S1). For 4, D-
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RINEPT provided a 17O NMR spectrum with 26 times better sensitivity than QCPMG. The large 
gain in sensitivity with proton detection was realized because the 17O T2’ was very short in 4 and 
QCPMG had poor efficiency. For 5, the 1D proton detected D-RINEPT NMR experiment had 
substantially worse sensitivity than the QCPMG experiment. This is likely because the 1H-17O 
dipolar coupling is small in 5 (ca. 3 kHz) which results in an inefficient 1H-17O coherence transfer 
and also because QCPMG provided particularly good efficiency in this sample. We note that many 
of these compounds have a very long 1H T1 (> 1 min), while the 17O T1 values ranged from 0.5 to 
7 s (Table S2). Therefore, in many cases, D-RINEPT is likely to be the best method to obtain 2D 
correlation NMR spectra because the recycle delay is dictated by the shorter 17O T1 rather than the 
1H T1. With methods such as HMQC, PRESTO, CP, etc., the proton spins will normally be excited 
first and the long 1H T1 will dictate the recycle delay of the experiment. In favorable cases, D-
RINEPT can provide a slight gain in sensitivity as compared to QCPMG. 
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Figure 3. (A) Pulse sequence for a separated local field (SLF) D-RINEPT experiment used to 
measure 1H-17O dipolar couplings. (B) Dipolar dephasing curve for 1 (black points) and the best 
fit which corresponds to a 13.5 kHz 1H-17O dipolar coupling and a hydrogen-oxygen bond length 
of 1.06 Å. (C) Pulse sequence for J-resolved D-RINEPT with (D) J-dephasing curve for 1 fit to 
1JOH = 58 Hz obtained with 50 kHz MAS. A description of the error fitting for (D) can be found 
in Figure S5. The spin diffusion correction term was TSD = 34 ms (see Figure S14 and main text). 
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Measurement of 1H-17O Dipolar Couplings in FMOC-Alanine Monohydrate. It is 
straightforward to modify the D-RINEPT pulse sequence to measure 1H-17O dipolar couplings or 
scalar couplings (Figure 3). Dipolar couplings can be measured with symmetry-based recoupling 
separated local field (SLF) experiments.51-52 Brinkmann and Kentgens, as well as Levitt, Dupree 
and co-workers have previously measured hydrogen-oxygen bond lengths with 17O detected 1H-
17O SLF experiments.11, 53-54 In the proton detected SLF experiment a 17O spin echo element of 
fixed duration is introduced at the beginning of the D-RINEPT pulse sequence. During the first 
half of the 17O spin echo, a symmetry-based recoupling pulse sequence is applied to the 1H spins 
and recouples heteronuclear dipolar couplings while suppressing homonuclear dipolar couplings 
(Figure 3A).51-52 The duration of the recoupling scheme is incremented in a 2D experiment. Phase-
alternated 𝑅4#$ % 𝑅4#$ #&% was applied as the dipolar recoupling scheme on the 1H channel. 
The dipolar dephasing curve for 1 recorded with the proton detected D-RINEPT SLF pulse 
sequence is shown in Figure 3B. In this experiment, a short recoupling time was used in the D-
RINEPT block and only the acidic proton of the carboxylic acid was observed in the direct 
dimension. Therefore, the dipolar oscillation curve only represents signal from the protonated 
oxygen atom. If required, a longer recoupling time could be used in the D-RINEPT block to record 
the dipolar oscillation curve for the non-protonated oxygen atom. The best simulation of the 
dipolar oscillation yields a proton-oxygen dipolar coupling constant of 13.5 kHz, which 
corresponds to a hydrogen-oxygen bond length of 1.06 Å. The simulated curves for several other 
dipolar coupling constants are shown in Figure S9 and summarized in Table S4. The numerical 
simulation takes into account the 17O→1H D-RINEPT magnetization transfer and the relative 
orientations of the Euler angles, which is important to obtain accurate dipolar coupling constants 
(see Figure S11). The single crystal X-ray diffraction (XRD) structure of 1 subjected to planewave 
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DFT geometry optimization exhibits a O-H bond length of 1.03 Å for the acidic proton. Since 
NMR is known to overestimate bond lengths by ~0.03 Å,55 the measured value 1.06 Å can be 
considered to be in good agreement with the distance from planewave DFT/XRD (Table 1).56  
Measurements of 1H- 17O Dipolar Couplings in Other 17O-Enriched Organic Solids. Fast 
MAS 1H-17O dipolar coupling measurements were performed on 2, 3, 4, and 5. The dipolar 
dephasing curves are shown in Figures S5-S8, respectively, and summarized in Table 1. The 
uncertainty in the measured 1H-17O dipolar coupling constants was estimated to be about ± 500 Hz 
based upon comparison of multiple simulated curves to the experimental curves (Figure S10, Table 
S4). The uncertainty in the dipolar coupling constants translates to uncertainties in the measured 
OH bond lengths on the order of 0.02 Å to 0.1 Å depending upon the magnitude of the 1H-17O 
dipolar coupling constant. The NMR measured values agree well with the bond lengths predicted 
by planewave DFT for all compounds (Figure S3D). The measured O-H distances are also in 
reasonable agreement with those obtained from neutron diffraction. Since neutron diffraction is 
uncommon, only 2 and 5 have known neutron diffraction structures. The neutron diffraction 
structure for 2 gives rOH = 1.22 Å,57 while SSNMR measured an rOH = 1.25 Å and the DFT-
optimized XRD structure gives rOH = 1.20 Å. The neutron diffraction structure for 5 gives rOH = 
1.78 Å and 1.86 Å,58 while SSNMR measured rOH = 1.76 Å and 1.87 Å and the DFT-optimized 
XRD structure gives rOH = 1.69 Å and 1.83 Å. Note that planewave DFT typically predicts O-H 
bond lengths that are ca. 0.02 Å longer than those measured by neutron diffraction.59 It is well 
known that vibration/libration/motion causes SSNMR experiments to typically measure dipole 
coupling constants that correspond to bond lengths longer than those determined by neutron 
diffraction or planewave DFT.11, 26, 51, 53-55 
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Measurement of 1H-17O Scalar Couplings in FMOC-Alanine Monohydrate. Scalar 
couplings (J-couplings) result from electronic through-bond interactions and provide a direct probe 
of covalent bonding. There are very few previous measurements of 1JOH with solution 17O NMR 
because 17O self-decoupling60 occurs due to rapid quadrupolar-induced 17O longitudinal relaxation 
or 1H chemical exchange of attached protons. 1JOH values of 89, 86, 84, and 79 Hz have previously 
been measured using 1H solution NMR for dilute water,61 methanol,62 ethanol,62 and salicylic 
acid,63 respectively, dissolved in aprotic organic solvents. 17O{1H} J-HMQC SSNMR experiments 
were also used to measure a 1JOH of 107 Hz for the isolated surface silanol groups of heat treated 
silica,18 which to the best of our knowledge is the only previous measurement of 1JOH in the solid-
state. Autschbach and co-workers have previously applied DFT to calculate 1JOH in a variety of 
hydrogen bonded carboxylic acids.64 They predicted that 1JOH ranged from 42 Hz to 99 Hz and 
showed that 1JOH was correlated to Wiberg bond indices (WBI) which quantify the bond order.64  
 Scalar couplings can be measured with a J-resolved46, 65-66 block at the beginning of the 
D-RINEPT sequence (Figure 3C). The J-resolved D-RINEPT experiment is acquired in an 
interleaved manner where a reference spectrum is collected in the absence of a 1H π-pulse during 
the 17O spin echo, then a spectrum is recorded with a π-pulse applied on the 1H channel (the 
‘dashed’ π-pulse in Figure 3C) which results in a spectrum with the signal intensity modulated by 
the J-coupling.67 The J-dephasing time (τJ) is then increased in integer multiples of twice the rotor 
period. A normalized J-evolution curve free of transverse relaxation effects was obtained by 
comparing the intensity of the reference spectrum to the J-dephased spectrum for each time point 
(Figure 3D).67 The complete J-resolved data set for 1 is shown in the SI (Figure S13). A precisely 
set magic angle (approximately within 0.02 degrees) is necessary to completely average the 
contribution due to the dipolar coupling and obtain a pure J-dephased curve (Figure S14).68 It was 
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straightforward to set the magic angle to within 0.01 degrees accuracy by minimizing the splitting 
in the 2H spectrum of deuterated oxalic acid due to the first order quadrupolar interaction.69  
In addition to accurate setting of the magic angle, 1H spin diffusion must be suppressed in 
order to allow the coherent evolution of J-couplings in the solid-state.70-71 Spin diffusion rates 
depend upon both the dipolar coupling between two spins and the peak overlap integral.72 
Therefore, narrowing of the 1H peaks either by application of homonuclear decoupling and/or fast 
MAS also helps to suppress 1H spin diffusion.70-71 For the organic solids studied here, the 1H NMR 
signals of the protons attached to oxygen are generally well resolved from the other 1H NMR 
signals, which helps to reduce the spin diffusion rate,72 making J-resolved NMR experiments 
feasible without application of homonuclear decoupling. For example, the 1H T1 values are distinct 
for the acid proton and other protons under 50 kHz MAS for 1, suggesting that 1H spin diffusion 
has been partially slowed (Table S2). However, 2D spin diffusion 1H-1H correlation spectra show 
that the acid 1H peak exchanges magnetization with other 1H spins on a similar timescale as the J-
coupling evolution (Figure S15). Therefore, an additional phenomenological damping exponential 
decay term (TSD) was added into the function used for fitting of the transverse-relaxation 
normalized J-resolved curves: 𝑆 𝜏) = 𝐴 ∗ cos 𝜋 ∗ 𝐽 ∗ τ) ∗ exp 6789:; . 
Here, A is a scalar to adjust the intensity (A ≈ 1.0 in all cases), J is the 1JOH coupling, and τJ is the 
J-evolution time. The J-dephasing curve for 1 acquired with the proton detected J-resolved D-
RINEPT pulse sequence is shown in Figure 3D. The experimental J-resolved curves and fits are 
shown in the SI for all other compounds. A fit of the experimental J-resolved curve for 1 yields 
1JOH = 58 Hz and TSD = 34 ms. The TSD value of 34 ms is similar to the spin diffusion time constant 
of 30 ms measured with 2D spin diffusion NMR experiments on 1 at 60 kHz MAS, confirming 
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that the damping of the J-resolved curve is related to 1H spin diffusion (Figure S15). For the other 
compounds, TSD was measured to be between 15 and 60 ms. In general, for compounds with a 
substantial 1JOH (> 30 Hz) the fits of the J-resolved curves with and without damping yield similar 
1JOH. However, for smaller 1JOH the damping must be taken into account when fitting the J-
resolved curves as it will make a significant contribution to the observed dephasing.  
 
Figure 4. J-modulated curves for isolated silanol group on MCM-41 silica measured using (A) J-
resolved D-RINEPT (Figure 3C), (B) J-RINEPT (Figure S16F), and (C) J-HMQC (Figure S16G). 
The 1JOH were fit to 98, 100, and 102 Hz, respectively. Experimental data points are shown as red 
circles and black lines correspond to fits to ideal functions. The J-RINEPT and J-HMQC curves 
were fit to the functions S(t) = sin(2p*J*tJ) and S(t) = sin2(2p*J*tJ), respectively.  
 
Measurements of 1JOH for MCM-41 Silica. In order to confirm the validity of our methods 
we measured the 1JOH for isolated silanols on the surface of silica, for which the only value of 1JOH 
in the solid state is known (107 Hz).18 Silica is also a good test compound for these experiments 
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because the isolated surface silanols have long 17O T2 and 1H T2, each about 15 ms. The long 1H 
T2 likely arises because the hydroxyl groups are isolated on the silica surface. Given the long 17O 
and 1H transverse relaxation times, 1JOH was able to be measured for silica using three different 
pulse sequences, J-resolved D-RINEPT, J-RINEPT, and J-HMQC, which all produced J-coupling 
values ca. 100 Hz (Figure 4A-C). The slight deviation from the previous measurement of 1JOH in 
silica may exist because a different type of silica was studied and the strength of the O-H bond 
depends on hydration.73-74 The long 1H T2 and absence of spin diffusion-induced damping in all of 
the J-based signal evolution curves confirms that the hydroxyl groups are isolated on the surface 
and do not undergo fast 1H spin diffusion. 
 
Page 20 of 30
ACS Paragon Plus Environment
Journal of the American Chemical Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 21 
Figure 5. Comparison of experimental and calculated (A) O-H bond lengths and (B) J-couplings. 
Correlation of experimental and calculated J-couplings to (C) O-H bond length and to (D) the 1H 
chemical shift of the attached proton.  In plots (B-D) only the magnitude of 1JOH is considered. (D) 
includes the experimental solution-state values from references 61 and 62. Experimental values are 
blue and calculated values are red. In (C) and (D) calculated J-couplings are shown for 25 
additional compounds (see Chart S1 and Table S6 for the list of compounds).  
 
 Measurements of 1JOH for Other Organic Solids. The set of compounds studied here (Chart 
1) represents a variety of oxygen-hydrogen interactions, including strong covalent silanol O-H 
bonds, weaker O-H bonds in carboxylic acids, and a hydrogen-bonded system (denoted 1hJOH). 
The samples have O-H bond lengths ranging from 1.02 Å – 1.76 Å and there is a correspondingly 
large distribution in the measured 1JOH, which range from 98 to 8 Hz. These systems were also 
studied by planewave DFT calculations (Table 1). The computed values for the O-H bond length 
and the 1JOH values are in good agreement with those measured experimentally (Figure 5A, B), 
with the exception of 3 for which the 1JOH was underestimated by DFT by about 20 Hz. 
 J-resolved experiments were attempted on para-toluene sulfonic acid monohydrate (PTSA) 
and calcium hydroxide (Ca(OH)2) and 17O NMR spectra were acquired for both samples (Figure 
S19 and Table S10). However, it was not possible to measure 1JOH in either compound.  The 
hydronium ion in PTSA had a very short 17O T2, which prevented measurement of 1JOH. Ca(OH)2 
also showed a short 17O T2 in the J-resolved experiments; but, the 17O T2 was quite long in QCPMG 
experiments. The rapid dephasing in the J-resolved experiment likely occurs because of rapid 1H 
spin diffusion amongst the strongly dipolar-coupled hydroxide protons in the lattice, which all 
resonate with the same isotropic 1H chemical shift. Both these cases have possible solutions which 
we can’t yet implement in our lab. PTSA could be cooled to lower temperatures to extend the 17O 
T2. Faster MAS rates, partial deuteration, and/or homonuclear decoupling could slow 1H spin 
diffusion and allow measurement of 1JOH in Ca(OH)2. 
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 Planewave DFT Calculation of 17O NMR Parameters. In order to elucidate trends related 
to O-H bonding, DFT calculations were performed on all of the compounds in Chart 1 (Table 1). 
Additionally, in order to confirm relationships between O-H bond length and 1JOH calculations 
were performed on a set of 25 nicotinic acid derivatives with known crystal structures (Chart S1 
and Table S6). As expected, planewave DFT accurately calculates 17O chemical shifts and the 
quadrupolar coupling constant (CQ) for all of the compounds in Chart 1 except for MCM-41 
silica.75 It has previously been demonstrated by 2H and 17O solid-state NMR experiments that the 
silanol groups on silica are dynamic.36, 76 Therefore, the experimental 17O lineshape of MCM-41 
silica was most likely narrowed due to partial averaging of the 17O electric field gradient (EFG), 
which explains the large discrepancy between experimental and calculated 17O CQ. Calculations 
of the CQ were qualitatively correct (Figure S3E) but were systematically overestimated by DFT, 
which is a known phenomenon.77 An exponential correlation between the geometry optimized O-
H bond lengths and the J-coupling value was found (Figure 5C). This exponential relationship 
between bond length and J-coupling is similar to that reported for 1JCC,78 2JPH,79 3JPN,79 and 3JCN.80 
A significantly positive 1H chemical shift usually indicates that the O-H group is involved in strong 
hydrogen bonding thus weakening the covalent O-H bond. As expected, the magnitude of the 1JOH 
coupling decreases with increasing 1H chemical shift for the O-H groups (Figure 5D).  
 
CONCLUSIONS 
 In conclusion, we have shown that 2D 1H-17O correlation spectra can be rapidly acquired 
using proton detection, fast MAS, and the D-RINEPT pulse sequence. Notably, with small 
diameter 1.3 mm rotors these experiments require only a few mg of material and moderate 17O 
enrichment.  The 2D 1H-17O correlation spectra allow overlapping oxygen signals to be resolved 
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on the basis of the correlated 1H chemical shifts. One-bond 1H-17O scalar coupling constants and 
1H-17O dipolar coupling constants were also measured and provide a direct measure of the O-H 
bond strengths and lengths. The magnitude of the J-coupling directly gives insight into the type of 
O-H bond, i.e. alcohol, acid, or hydrogen bond.64 The experimentally determined scalar and dipolar 
coupling constants were accurately predicted by planewave DFT calculations. 1JOH was calculated 
for a further set of 25 compounds to explore trends in the J-coupling as related to bond length and 
1H chemical shift. Continued advances in 17O NMR, including measurement and prediction of 1JOH 
and O-H bond lengths, will give insight into O-H covalent and hydrogen bonding in numerous 
fields including pharmaceuticals, biological systems, and acid catalysts. 
 One challenge associated with 17O SSNMR spectroscopy is that labeling can be time 
intensive and expensive; however, mechanochemistry methods have shown promise to improve 
the efficiency, cost, and ease of 17O labeling.31 With respect to the cost of 17O-enriched samples, 
fast MAS rotors are beneficial because they typically require less than 10 mg of material. 
Alternatively, DNP-enhanced 17O SSNMR could potentially be applied to allow these 
measurements on natural abundance samples.23, 26, 35-36 We also anticipate that double resonance 
1H-17O SSNMR experiments will benefit from higher magnetic fields and faster MAS rates, both 
of which will help to reduce 1H spin diffusion rates and improve 1H resolution. High magnetic 
fields will generally improve sensitivity and enhance resolution by increasing 1H peak dispersion 
and narrowing 17O peaks broadened by the 2nd order quadrupole interaction.25 
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SUPPORTING INFORMATION 
The Supporting Information contains the experimental section, additional solid-state NMR spectra, 
discussions of sensitivity enhancements from proton detection, experimental parameters, DFT 
calculated values, and pulse sequences.  
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